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Effects of reduced renal perfusion pressure and acute volume expansion
on proximal tubule and whole kidney angiotensin II content in the rat. In
previous studies high luminal concentrations of angintensin II (Ang II)
were found in rat proximal tubules. The physiological role of intraluminal
Ang II remains to be established. In the present study, we investigated
whether the luminal angiotensin II concentration in the proximal tubules
([Ang tljpr,,x) can be modulated. Micropuncture studies were performed
in control rats (C, N = 8) and rats subjected to acute volume expansion(yE, N = 8) or reduced renal perfusion pressure (RRP, N = 7). Changes
in [Ang "Ipr. were compared to changes in whole kidney Ang II content
([Ang IIIkdcy) and the plasma concentration ([Ang In C rats,[Ang Ilr was 460 48 pmol/liter (10 to 20 times lower than hitherto
reported), while [Ang 11Iki1flcy and [Ang were 369 81 pmol/kg
and 90 29 pmol/liter, respectively. In agreement with previous data, VE
failed to suppress [Ang II}prox (674 132 pmol/liter), while at the same
time [Ang t1JkidnCy (42 10 pmol/kg) and [Ang (12 3
pmol/liter) were markedly suppressed. This points to dissociated regula-
tion of [Ang 111 in the renal luminal compartment on the one hand and the
extraluminal renal and systemic plasma compartments on the other hand.
During RRP, [Ang II increased significantly to 1675 465 pmol/liter.
No dissociation between the three compartments was observed in this
situation, as [Ang 'flkidcy (969 85 pmol/kg) and [Ang IIj,,,., (245
72 pmol/liter) increased in parallel. In summary, we confirm that Ang II is
present in proximal tubules of rat kidneys at concentrations which exceed
those in plasma. Its concentration could he modulated (-3.5 increase) by
reduction of renal perfusion pressure but not by acute volume expansion.
In the latter condition, we observed a clear dissociation from Ang II
generation in the extraluminal renal compartment, as whole kidney Ang II
content was markedly suppressed.
In 1990 Seikaly et a! reported the presence of angiotensin 11
(Ang 11) in the proximal tubular fluid of Munich Wistar rats [1].
Concentrations were in the nanomolar range, as opposed to
picomolar concentrations in the plasma. These observations were
confirmed by Braam et a!, who detected Ang II in blocked
proximal tubules perfused with artificial tubular fluid, which
strongly suggested tubular secretion or local production of Ang II
[2]. Recently, Navar et al reconfirmed these high intraluminal Ang
II concentrations and demonstrated similarly high concentrations
of Angi in proximal tubular fluid [3].
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The functional relevance of intraluminal Ang II in the proximal
tubules has not been fully elucidated. Support for a physiological
effect from within the proximal tubule comes from studies show-
ing the presence of Ang 11 receptors on the luminal side of
proximal tubule cells [4, 5]. Several in vitro and in vivo studies
suggest that Ang II may stimulate reabsorption from the apical
side of proximal tubule cells [6—10]. If luminal Ang II would play
a role in regulation of proximal tubule Na and water reabsorption,
modulation of the luminal Ang II concentration would be ex-
pected to occur under conditions that alter proximal reabsorption.
In this respect, it is of note that Braam et al could not demonstrate
downregulation of proximal tubule Ang II production during
acute volume expansion [2].
The aim of the present study was to determine whether
intraluminal concentrations of Ang 11 can be modulated by
interventions that reduce or stimulate proximal tubule reabsorp-
tion. To this effect, we measured the Ang II concentration in
proximal tubular fluid obtained by micropuncture in untreated
rats and animals subjected to either acute volume expansion or
reduced renal perfusion pressure. The effects of these interven-
tions on luminal Ang II concentration were compared with the
effects on whole kidney Ang II content and plasma Ang II
concentration in the same animals.
Methods
Animals
Studies were performed in male Sprague Dawley rats weighing
between 250 and 300 grams. The intake of water and food was
unrestricted. The diet contained 100 mmol Na/kg dry food.
Preparation fbr micropuncture
Rats were prepared for micropuncture as described previously
[11]. Briefly, anesthesia was induced by intraperitoneal injection
of 110 mg/kg of 5-sec-butyl-5-ethyl-2-thio-barbituric acid (mac-
tin). Tracheotomy was performed and catheters were introduced
into the right jugular vein and the left femoral artery. Infusion of
a solution containing NaCI (0.9%), bovine serum albumin (5%)
and inuhn (10%) was started directly following insertion of the
jugular vein catheters at an infusion rate of 0.9 mi/hr. At the end
of surgery, this solution was replaced by a solution without bovine
serum albumin. The abdomen was opened through a midline
incision, which was extended laterally to expose the left kidney.
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Catheters were introduced into the bladder and left ureter. In rats
subjected to reduction of left kidney perfusion pressure, an
adjustable sling was placed around the abdominal aorta between
the right and left renal artery. The left kidney was freed from
surrounding fat, placed into a lucite holder and surrounded by
cottonwool soaked in mineral oil. A 2% agar solution was used to
form a leak-tight wall around the kidney, which was bathed in
warmed mineral oil. Blood pressure was monitored throughout
the experiments. At the end of surgery an equilibration period of
one hour was observed before starting clearance and micropunc-
ture experiments.
Micropuncture protocol
Control group (N = 8). Micropuncture was performed in
randomly selected mid to late proximal tubule segments using
sharpened micropipettes filled with Sudan Black stained mineral
oil (tip diameter —12 ft). Following injection of a small oil block,
tubular fluid was collected without applying suction. Braam et al
[2] showed that tubular fluid Ang II concentrations were not
different in samples collected in pipettes that did or did not
contain inhibitors of converting enzyme and aminopeptidases
(enalaprilat and EDTA). In a limited number of experiments
tubular fluid collections were made in pipettes containing 100 pJ
of a solution which, in addition to enalaprilat (50 mmol/liter) and
EDTA (500 mmol/liter), also contained the aminopeptidase in-
hibitor AEBSF (50 mmol/Iiter). As these experiments confirmed
the results by Braam et al, we decided to collect tubular fluid
samples in pipettes without inhibitor solution in the present study.
Pilot experiments showed that the intraluminal Ang II concentra-
tion was consistently lower in our animals (—0.5 nmol/liter) than
reported by others [1—3]. To assure collection of detectable
amounts of Ang II, sampling times were prolonged. If necessary,
tubular fluid samples were pooled to obtain samples of at least
—2000 nI. Two pools were obtained in each animal. Tubular fluid
samples were transferred to constant-bore 1 d glass capillaries for
measurement of the volume with a Digimatic micrometer (Mitu-
toyo, Tokyo, Japan) immediately following collection. Then the
samples were delivered into 400 jil assay buffer (0.1 mol/liter Tris
buffer pH 7.4 containing 0.5% bovine serum albumin and 0.1%
lysozyme) and stored immediately at —20°C.
Urine from the left and right kidneys was collected at intervals
of one hour. A 200 pJ blood sample was taken from the arterial
line at the beginning and the end of the urine collection periods.
At the end of the experiment, a clamp was placed on the left renal
artery and a 2 ml blood sample was collected from the femoral
artery into 10 ml 95% pre-chilled methanol (J.T. Baker, Phillips-
burg, NJ, USA). Next, the left kidney was rapidly excised, weighed
and homogenized in 10 ml pre-chilled methanol (95%). Blood and
kidney homogenates were centrifuged immediately for 10 minutes
at 2500 r.p.m. at 4°C, and the supernatants were stored at —20°C.
Reduced left renalperfusion pressure (N = 7). The procedure was
the same as in control rats. At the end of surgery, however, the
sling around the aorta was carefully constricted to reduce arterial
blood pressure below the sling, monitored through the catheter in
the left femoral artery, to a level of —80 mm Hg. Sample times
were as described above. Because tubular fluid flow rates were
reduced, smaller tubular fluid pools (1000 to 1500 nI) were
accepted.
Acute volume expansion (N = 8). The procedure was the same
as in control rats. However, a NaCl solution (0.9%) was infused
continuously via a second jugular vein catheter at a rate of 5 mI/hr
throughout the experiment.
Measurement of ANG II in tubular fluid, blood and kidneys
Tubular fluid, blood and kidney Ang 11-like immunoreactive
substances were measured by radioimmunoassay (RIA) according
to the procedure of Fox et al [12]. The tubular fluid samples in 400
tl assay buffer (0.1 mol/liter Tris buffer pH 7.4 containing 0.5%
bovine serum albumin and 0.1% lysozyme) were directly subjected
to the RIA. Blood and kidney homogenates were evaporated to
dryness under a stream of nitrogen and redissolved in I ml assay
buffer. The samples were applied to phenyl-bonded solid phase
extraction columns (Bond-Elut; Analytichem, Harbor City, CA,
USA), which had been pre-washed with 3 ml HPLC-grade meth-
anol and 3 ml ultrapure water. The columns were washed with 3
ml H20, 1 ml hexane and 1 ml chloroform, and ANG II was eluted
with 2 ml HPLC-grade methanol/ultrapure water 9:1 vol/vol. The
eluates were evaporated, and the residues were dissolved in 1.0 ml
assay buffer and stored at —20°C. Aliquots of these extracts were
used for the RIA.
Standards (Peninsula, Belmont, CA, USA) and unknowns were
incubated for 48 hours at 4°C with 1251-labeled Ang II (Amer-
sham, Arlington Heights, IL, USA) and rabbit anti-angiotensin 11
antiserum (Arnel, New York, NY, USA). Cross reactions of the
antibody against Ang I and C-terminal Ang II fragments were
<1% and <0.1%, respectively, except for Ang III, which has a
cross reactivity of 90%. It is of note that Braam et al demonstrated
by HPLC that all Ang TI-like immunoreactivity in proximal
tubular fluid coeluted with Ang II [2]. Bound and free ANG II
were separated by second antibody precipitation with Sac-Cd
(I.D.S., Washington, UK). The pellets were counted in a Cobra
Autogamma counter (Packard Instruments, Warrenville, IL,
USA), and concentrations were calculated using logit-log trans-
formation. The recovery of Ang II added prior to extraction (40
fmol) amounted to 67% for blood and 84% for kidneys.
The sensitivity of the assay was 0.5 fmol/assay tube, which made
the lower detection limit in a 1000 1.d tubular fluid sample 500
pmol/liter. Blank values were subtracted from the amounts of the
Ang Il-like immunoreactive substance assayed in the samples.
Unspecific binding of radiolabeled Ang II in the RIA was  2%,
and the initial binding was 30% to 35%.
Other analyses
Urine and plasma sodium concentrations were measured with
an IL 543 flame photometer (Instrumentation Laboratory, Lex-
ington, MA, USA). Iriulin concentrations were determined col-
orometrically with indoleacetic acid after hydrolyzation of inulin
to fructose [13].
Statistics
Statistical analysis was performed by one-way analysis of vari-
ance (ANOVA) for a randomized block design at the 5%
significance level. If the ANOVA indicated the presence of
statistical significant differences, mean data were compared by the
least significant difference test. Data are expressed as mean
SEM.
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Reduced Volume
Control RPP expansion
Number of rats
Renal perfusion pressure
mm/Hg
Urine flow p1/mm
Inulin clearance mi/mm
PAH clearance mi/mm
Na excretion nmol/min
K excretion nmoi/min
Abbreviations are: RPP, reduced renal perfusion pressure; PAH, para-
amino-hippuric acid; Na, sodium, K, potassium. Data are presented as
mean SEM.
a P < 0.05 versus control
P < 0.01 versus control
CP < 0.001 versus control
dp < 0.01 versus aorta constriction
a P < 0.001 versus aorta constriction
Results
Blood pressure and clearance data
Left kidney perfusion pressure, estimated from the femoral
artery blood pressure, was reduced by —20% during suprarenal
aortic constriction and increased by —-15% during volume expan-
sion (Table 1). Left kidney urine flow rate, Na excretion and inulin
and para-amino-hippurate clearance all showed changes consis-
tent with reduction of renal perfusion pressure and acute volume
expansion, respectively (Table 1).
Ang II concentration in proximal tubule fluid
The Ang II concentration was 460 48 pmol/liter in proximal
tubular fluid obtained in control rats. Following reduction of renal
perfusion pressure, this value increased significantly to 1675 465
pmol/liter, whereas no significant change was induced by acute
volume expansion (Fig. 1). The Ang 11 collection rate at the site of
collection was not significantly different in the three experimental
groups (control group, 0.52 0.05 fmol/hr; reduced perfusion
pressure, 1.03 0.33 fmol/hr; volume expansion, 1.11 0.26
fmol/hr). The tubular fluid flow rates of —20 nI/mm in control rats
and ——28 nl/min during volume expansion (Fig. 1) agreed with a
mid to late proximal tubule collection site.
Whole kidney and plasma Ang II content
In control rats, the whole kidney Ang 11 content was 369 81
pmol/kg. This number increased approximately 2.5-fold (to 969
85 pmol/kg) during reduction of renal perfusion pressure, whereas
marked suppression (to 42 10 pmol!liter) was induced by acute
volume expansion (Fig. 1). Parallel changes were observed in
plasma Ang II concentration (control, 90 29 pmol/liter; reduced
renal perfusion pressure, 245 72 pmol/liter; volume-expansion,
12 3 pmol/liter; Fig. I).
Correlations between Na excretion, proximal tubule and plasma
Ang II concentration and whole kidney Ang II content
The changes in kidney Ang II content and plasma Ang II
concentration induced by reduction of renal perfusion pressure
(+ 163% and + 176%, respectively) and volume expansion
(—89% and —86%, respectively) were very similar. Accordingly,
Figure 2A shows that a good correlation was present between
8 7 8
99±3 78±2c 114±3ca
3.5 0.3 2.5 0.3 40.4 5.2'
0.98 0.06 0.69 0.07 1.21 0.O7
2.25 0.06 1.52 013c 3.23 0.09
122 45 19 6 6323 655cc
828 78 450 160 1218 155
whole kidney Ang II content and plasma Ang II concentration
(r = 0.80, P < 0.05). Due to the failure of the proximal tubule Ang
II concentration to fall during volume expansion, whole kidney
Ang II content and plasma Ang 11 concentration showed no
correlation when data from all animals were analyzed (Fig. 2B).
However, when data from the animals in the volume expansion
group were excluded, a fair correlation between proximal tubule
and whole kidney Ang II content was observed (r = 0.74, P < 0.05;
Fig. 3). Left kidney sodium excretion was inversely related to
plasma Ang II concentration (r = 0.77, P < 0.05) and more
markedly so to whole kidney Ang II content (r = 0.92, P < 0.01).
In contrast, no correlation was found between Na excretion and
proximal tubule Ang II concentration.
Discussion
This study confirms that Ang II is present in proximal tubular
fluid of rats in concentrations exceeding those in the systemic
arterial circulation. It is of note that the luminal proximal tubule
Ang II concentration of —0.5 n was considerably lower than
reported by others [1—3]. However, the values of 30 to 40 nxi
reported by Scikaly et al, who used a nonspecific anti-Ang II
antibody in their RIA, represent total immunoreactive Ang II.
Using HPLC prior to the RIA, these authors demonstrated that
only 15% of total immunoreactivity reflected intact Ang II at the
late proximal tubule, the remainder being caused by Ang IT
fragments [11. The concentration reported by us also remains
clearly below the value of —13 n reported by Braam et al, who
used the same, highly specific anti-Ang II antibody [2]. In a more
recent publication from this group, however, luminal Ang II
concentrations tended to be lower (—8 nM) [3]. A certain expla-
nation for these discrepant results cannot be given; strain differ-
ences, dissimilarities in anesthesia, surgical procedures and vol-
ume replacement protocols should be considered. However, as
suggested by Navar et al [3J, the values reported by us are in a
range in which variations in luminal Ang II concentration could
exert physiological effects in view of the Kd value of the luminal
proximal tubule Ang II receptor [41.
The main aim of the present study was to investigate whether
the intraluminal concentration of Ang II can be modulated. We
studied this during acute reduction of the renal perfusion pres-
sure, as this intervention was previously shown to enhance both
renal renin and Ang II generation in dogs [141. Reducing perfu-
sion pressure from —100 mm Hg to —80 mm Hg not only induced
a —2.5-fold increase in whole kidney content, but also increased
the plasma Ang II concentration to a similar degree. Interestingly,
these changes were accompanied by a —3.5-fold rise in the tubular
Ang II concentration (Fig. 1), which for the first time defines a
situation in which this concentration can be altered. In agreement
with a previous observation [21, however, acute volume expansion
failed to suppress the Ang II concentration in the proximal
tubules, in any case within the time frame of the present study.
Our study adds to this finding that whole kidney and plasma Ang
II content were markedly reduced at the same time (Fig. I). This
clearly indicates a different regulation of the Ang II concentration
in the proximal tubules on the one hand and both the extratubular
renal compartment and the systemic circulation on the other
hand. The Ang IT collection rate at the collection sites tended to
be lower in control rats than in the two experimental groups of
rats, although the differences did not reach statistical significance.
Table 1. Renal pcrfusion pressure and left kidney clearance data
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This could indicate that the increased luminal Ang II concentra-
tion during reduced renal perfusion pressure was a passive
phenomenon caused by increased tubular water reabsorption. The
lack of a fall in luminal Ang II concentration during acute volume
expansion, which was associated with reduced tubular water
reabsorption, would then point to either reduced degradation or
paradoxically enhanced luminal production of Ang II. However,
as we did not specifically study the dynamics of local Ang II
degradation and production, these observations can only be made
with caution.
It should also be considered whether the micropuncture proce-
dure itself could have affected the level of the intraluminal Ang II
concentration in the proximal tubules. The procedure blocks
tubular fluid delivery to the macula densa, deactivates the tubu-
loglomerular feedback mechanism and increases single nephron
glomerular filtration rate (SNGFR) and proximal tubule flow rate.
It is conceivable that intraluminal Mg II could be somehow
involved in the process of glomerulotubular balance and hence
could react to SNGFR-induced increments in tubular fluid flow
rate. This possibility was not excluded in our study. However, this
potential confounding factor would be operative under all three
experimental conditions of our study, and it did not prevent us
from showing that the luminal Mg II concentration can be
modulated, which was the main purpose of our study.
The luminal proximal tubule Ang 11 concentration ('-460
pmol/liter) and the whole kidney Ang II content (-369 pmol/kg)
A B
2500
. 2000
•j 1500
<
-? 1000
.0
:: 500
(ci
E
00
40
30
20
10
0
C D
0
E0
ci)
1500
1000
L
.
°
E0.
40
30
.i0 20
C)
500
C
< 10>
ci)C
-o 0
C VE RRP
0
400 2500
.
-S
0.
C
.
300
200
CON
RRP
f.
2000
1500
1000
100
.4-. 500
n
A
VE
L.
ci)
0
E0.
C)C
ci)
.0
(ci
E
x0
a-
B
f VE
Fig. 1. Angiotensin II (Ang 1!) content of
proximal tubular fluid (A), proximal tubular fluid
flow rate (B), and left kidney and systemic arterial
plasma Ang II content (C, B,) in control rats (C)
and animals subjected to acute volume expansion
(VE) or reduction of renal perfusion pressure(RRP.I. Data are presented as mean SEM;
*P < 0.05 versus control, #P < 0.05 versusC VE RRP volume expansion.
+
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Fig. 2. Relation between whole kidney
CON angiotensin II (Ang II) content and plasma (A)
_______________________
and proximal tubule (B) Ang II concentration.
Abbreviations arc: yE, volume expansion0 400 800 1200 group; CON, control group; RRP, reduced
renal perfusion pressure group. Data are
Kidney, [Ang II] pmol/kg presented as mean SCM.
0 400 800 1200
Kidney, [Ang II] pmol/kg
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The present study obviously does not provide direct informa-
tion on the functional relevance of (changes in) intraluminal Ang
11. The findings during acute volume expansion, when whole
kidney and plasma Ang II content were markedly reduced but the
luminal Ang II remained unaltered, make it unlikely that luminal
-
- - Ang II played a role in altering proximal reabsorption in this
-
- - -
-
situation. The marked reduction in whole kidney Ang 11 content
-
-
was in much better agreement with the expected and observed
changes (increased tubular flow rate) in proximal reabsorption.
This is evidently more compatible with a role for extraluminal Ang
II in modulating proximal tubule reabsorption. During reduction
of renal perfusion pressure, when luminal Ang II content clearly
increased along with the whole kidney Ang II content (Fig. 3),
both luminal and extraluminal Ang 11 could have contributed to
increased proximal reabsorption, but the separate contribution of
each can obviously not he determined from the present study.
In summary, we confirm that Ang II can he found in the lumen
of the proximal tubules in rats, albeit at concentrations 10- to
20-fold lower than reported by others. A new finding of the
1200 present study is that the intraluminal Ang II concentration could
be increased —3.5-fold by reduction of renal perfusion pressure,
an increase which was paralleled by a rise in whole kidney content.
However, no change in the proximal tubule Ang II concentration
could be induced by acute volume expansion. Interestingly, a clear
dissociation was observed between Ang II generation in the
intraluminal and extraluminal compartment during volume ex-
pansion, as whole kidney Ang II content was markedly suppressed
in this situation. Taken together, the study indicates that the
intraluminal Ang II concentration can be altered in rat proximal
tubules. However, dissociations can occur in Ang II generation in
the proximal tubules on the one hand and the extraluminal kidney
compartment and the systemic circulation on the other. The
separate modulation of luminal and extraluminal Ang II content
suggests that both may play a role in the physiological regulation
of tubular function. This requires further study.
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Fig. 3. Relation between whole kidney angiotensin II (Ang ll) content and
proximal tubule Ang II concentration in control (0) rats and animals
subjected to unilateral reduction of renal pe,j1sion pressure (•).
were of the same order of magnitude in control rats. This implies
that the average Ang II concentration in the extratubular com-
partment of the kidney must have been nearly equal to that in the
proximal tubules. Seikaly et al showed that the Ang II concentra-
tion in star vessels is similar to that in the proximal tubules [1],
which implies that the renal intravascular compartment can
contribute importantly to the whole kidney Ang 11 content.
Likewise, Ang II concentrations of —3 nM have been found in
renal lymph of rats, suggesting that the Ang II concentration in
the renal interstitium and proximal tubules are approximately
similar [151. Because simultaneous measurements of the Ang II
concentration in the proximal tubules, the renal interstitium and
the renal vasculature have not been performed, it is unknown
whether a quantitatively important intracellular compartment for
Ang 11 has to be postulated. Our observations in control rats are
at variance with those of Navar et at, who found an Ang II
concentration of —10 pmol/ml in proximal tubules and an Ang II
content of ---1 pmol/g in the kidneys from which the tubular fluid
samples were obtained [3]. This suggested that all Ang IT present
in the kidney could be restricted to —10% of the kidney volume,
which would agree with predominant localization of Ang II in the
proximal tubules. It is of interest that a similar gradient between
the intraluminal Ang II concentration and the whole kidney Ang
II content developed in our study during acute volume expansion,
albeit at different absolute concentrations. This confirms the
observation of Navar et al that experimental conditions can exist
in which the extraluminal compartment contributes relatively little
to the whole kidney Ang II content. These observations underline
that regulation of the Aig II concentration in the luminal
compartment differs from that in both the extratubular renal
compartment and the systemic circulation, where changes in Ang
II concentration concur. The physiological basis for this finding is
presently unknown.
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